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Summary
We have introduced a method for creating thin-film PDMS optical phantoms that can be used to validate a bench-top
optical device called a Diffuse Reflectance Microendoscope (DRME). The DRME acquires data on cell surface
morphology and sub-surface diffuse reflectance, which may provide clinicians with the tools to diagnose oral cancer
at earlier stages. Phantoms were created with PDMS as a substrate material. Optical properties (scattering and
absorption coefficients) of the phantoms were controlled with the addition of titanium dioxide and nigrosin,
respectively. Thickness of phantoms was controlled by spinning uncured PDMS with a spin coater. The DRME was
built with a combination of filters and dichroic mirrors to separate electromagnetic radiation in the green and nearinfrared wavelengths. Finally, results of phantom diffuse reflectance profiles, acquired by the DRME, were validated
through Monte Carlo modeling methods. The absorption coefficient of PDMS phantoms is precisely controlled
between 0.0 cm-1 and 0.6 cm-1 by adding increasing amounts of 1% w/v nigrosin stock solution. Thickness of thin
films is reproducibly controlled between 0.1 and 1 mm. Optimal source-detector fiber positioning of the illumination
fiber and image guide fiber of the DRME was tested between 1 and 3 mm by taking diffuse reflectance profiles of a
phantom with scattering and absorbing coefficients of 100 cm-1 and 0.2 cm-1, respectively. The experiment was
modeled through various Monte Carlo simulations. The ability to tune optical and geometric properties of PDMS
optical phantoms will allow us to more accurately model oral epithelium for validation of the DRME in non-clinical
trials. Results of our study demonstrate the concept of diffuse reflectance in distinguishing changes in optical
properties of materials.
1.

Introduction

Oral squamous cell carcinoma (OSCC) accounts for 3-5% of all cancer cases worldwide, making it the eighth most
common type of cancer. On average, 750 new cases are reported daily (1-3). One of the reasons this cancer is so
dangerous is because of its low 5-year survival rate of approximately 50%, meaning that once diagnosed, only half of
patients will survive another 5 years (2, 5). For developing countries, the 5-year survival rate of OSCC is less than
30% (5). The reason for these low 5-year survival rates is due to ineffective diagnosis (1, 5). OSCC can often go
undetected in its early stages, so most patients, especially in developing countries, will not be diagnosed until the later
stages of cancer, when treatment of the tumor is much more difficult and expensive (1, 5). In addition to low survival
rate, oral cancer has the highest rate of reoccurring tumors of any cancer, meaning that treatment is often lengthy and
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invasive. 25% of all deaths due to oral cancer are caused by reoccurring tumors. Oral abnormalities affect the otherwise
healthy mucosa in the oral cavity or esophagus (1).
The oral cavity and esophagus are lined with a stratified squamous epithelium (6). Several areas that are associated
with chewing, in particular the gingiva and hard palate, have a keratinized epithelium, meaning that these regions
develop a tough protective outer shell of keratin similar to the morphology of the skin. However, in most regions of
the oral cavity and the in the entirety of the esophagus, the stratified squamous epithelium is non-keratinized (6). The
stratified squamous epithelial layer, which consists of multiple cell layers, is responsible for protecting deep tissue
layers in the oral cavity and esophagus. The oral epithelium, unlike the skin which contains many glandular structures
including hair follicles and sweat glands, only contains salivary glands and is thus simpler morphologically. The
stratified squamous epithelium is attached to an underlying base layer of fibrous connective tissue called the lamina
propria. The lamina propria provides support and nutrients for the epithelial layer. Together, the stratified squamous
epithelium and lamina propria make up the esophageal and oral mucosa. In the esophagus, a muscular layer called the
muscularis mucosa exists beneath the esophageal mucosa. The oral mucosa contains no underlying muscularis mucosa
(6).
Oral squamous cell carcinoma (OSCC) may occur at any location in the oral mucosa (3). However, OSCC most
often occurs on the underside or sides of the tongue, the floor of the mouth, the soft palate, or near the tonsils (3, 7).
The College of American Pathologists reports that “symptoms [can] include tender painful lesions, wounds or sores
that won’t heal, a lump or thickened skin, a white or red patch, loose teeth or dentures, trouble chewing or swallowing,
swelling of the jaw, and sore throat” (7). The white or red patches refer to erythroplakia or leukoplakia, respectively
(2, 5). The poor survival rate of this cancer is due to late diagnosis of these symptoms. There are several reasons for
late or ineffective diagnosis. First dentists may not be as familiar with malignant symptoms as they are with more
common patient complaints (3). Dentists may diagnose red or white patches as pre-cancerous that are in fact benign.
One study reported that, based on 926 scalpel biopsies that were suspicious for oral cancer, 75% were benign, meaning
that over 690 invasive surgical resections were taken that weren’t actually needed (1). Another reason for ineffective
diagnosis is that many early lesions associated with OSCC are asymptomatic. Rindum and Pindborg reported that in
their study of 100 patients with oral cancer, 15% of people had tumors at least 4 cm in diameter that showed no
subjective symptoms when subject to standard white light examination (3, 8). Clearly, there is a need for more effective
examination techniques.
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The most common oral cancer screening technique is standard white light illumination (1, 5). Dentists and other
oral specialists will inspect and palpate the oral cavity for suspicious red or white lesions or thickened lumps of skin.
However, based on previously reported studies, using white light illumination as the only diagnostic method can result
in many false positives or false negatives (1). Currently, a few complimentary techniques are used as tools to improve
sensitivity and specificity of diagnosing oral cancer or premalignant lesions that could lead to oral cancer. One of
these methods is using Toluidine blue. Toluidine blue is a dye that can make lesions and other abnormalities appear
clearer under white light illumination. However, Toluidine blue yields a low specificity, or the percentage of true
negatives to the total sample of healthy individuals, so its use is not that widespread in the United States (1). Another
diagnostic tool is the ViziLite® (Zila Pharmaceuticals, Inc., AZ, USA). The ViziLite® delivers blue light to the oral
mucosa in hopes of increasing clarity of premalignant lesions. However, studies have shown that the ViziLite® does
not improve early diagnosis. Furthermore, it has trouble distinguishing between general benign inflammation and oral
lesions, no matter whether they are premalignant or malignant (1). Another tool is the VELscope® (LED Dental, Inc.,
White Rock, BC, Canada), which utilizes tissue autofluorescence. The VELscope is currently being used as an adjunct
diagnostic tool to white light illumination. Under examination with the VELscope, abnormal regions in the oral
mucosa, either premalignant or malignant, can appear darker due to the associated reduced tissue autofluorescence
while healthy oral mucosa will more likely appear green. Several studies have reported high sensitivity and specificity
using the VELscope and many believe it can be an effective adjunct diagnostic tool to standard white light
illumination. However, while mostly successful, several problems still exist. The VELscope may indicate many false
positives, meaning that it may detect malignancies that are actually benign (1). This is because benign pigmentation
or inflammation, in addition to oral malignancies, can also demonstrate loss of autofluorescence (1, 5). In addition,
the clinicians must be skilled and have the proper training to subjectively visualize loss of autofluorescence using the
VELscope. Thus, more objective techniques are required to properly diagnose abnormalities in the oral mucosa (1).
A new diagnostic optical imaging device, called a Diffuse Reflectance Microendoscope, may be useful in
providing clinicians with more complete information on changes in the oral and esophageal mucosa. The Diffuse
Reflectance Microendoscope is designed to be noninvasive and provide information on the full intact stratified
squamous epithelium. It can be used an adjunct tool to white light illumination and may help reduce the risks of false
negatives and false positives, thereby increasing sensitivity and specificity of oral cancer diagnosis (1). In addition to
sensitive and specific diagnosis, the Diffuse Reflectance Microendoscope will hopefully improve early premalignant
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diagnosis of oral cancer, increasing the 5-year survival
rate of patients. We have already built and demonstrated a
device

called

an

epi-illuminated

fiber

bundle

microendoscope shown in Figure 1 (5). This device is able
to capture high-resolution images of superficial cells
using a proflavine fluorescence labeling technique (5, 9).
The epi-illuminated microendoscope is used as an adjunct

Figure 1. (A) Epi-illuminated fiber bundle microendoscope, (B)
Fiber optic image guide, (C) Image of superficial cells of the oral
mucosa taken by the epi-illuminated system (5).

clinical tool to aid physicians in detecting dysplasia in
superficial cells. However, it is limited in its penetration depth, meaning that only cells at the superficial layer of tissue
are detected, but no information can be gathered from what is going on beneath this layer (5, 9, 10). Our goal is to
improve upon this design to reduce this limitation. To accomplish this, we will create a diffuse reflectance system that
will be directly coupled to the existing epi-illuminated system (11). This dual-modality system will use one fiber
bundle image guide, an illumination fiber, and two cameras. One camera is for directly detecting cells at the surface
as shown in Figure 1, and the second camera is for detecting depth-sensitive data underneath the surface. To detect
depth-sensitive information for deep tissue imaging, the principle of diffuse reflectance is used (11-13).
Diffuse reflectance is the sub surface scattering of light within a material. When light enters a material, it is
absorbed and scattered to different degrees, depending on the wavelength of light. Some of the light will then scatter
back out of the material from the same surface in which light enters. The light that scatters back out is called diffusely
reflected light (12, 13). In our Diffuse Reflectance Microendoscope, near infrared light is used because of its longer
wavelength (11). In human tissue, as the wavelength of light decreases, scattering decreases (14). This means longer
wavelengths of light, such as near-infrared light, will penetrate deeper into tissue than short wavelengths, such as blue
light (11, 14). Therefore, near-infrared photons which
penetrate deeper and emerge at a greater radial distance from
the light source will have a lower intensity at the surface.
This phenomenon is indicated by the characteristic ring of
Figure 2. Diffuse reflectance. (A) The path photons take through
tissue. Their path is random and dependent on the material in
which they are traveling through (4). (B) Comparison of how
light interacts in two liquid mediums with different scattering
properties. The Before image shows how light interacts with
coffee, a minimally scattering medium. The After image was
taken after milk, which is highly scattering, was added

light around a light source that penetrates a material (4)
(Figure 2). Thus, the Diffuse Reflectance Microendoscope
will provide depth-sensitive information about the oral

Greening, G.
UA Department of Biomedical Engineering Honors Thesis: May 2014

4

mucosa via diffusely reflected NIR light. However, before any testing can be done on actual human oral stratified
squamous epithelium, the instrumentation must be built and validated. Validation of optical imaging systems, such as
the Diffuse Reflectance Microendoscope, can be validated by devices called phantoms (15, 16).
Phantoms are usually non-biological objects that simulate properties of human tissue. They are used to test imaging
systems and to optimize signal-to-noise (15). For our purposes, we have built polydimethylsiloxane (PDMS) optical
phantoms that simulate both the optical and geometric properties of oral squamous epithelium (15, 16). Optical
properties being controlled are the absorption and scattering coefficients, refractive index, and anisotropy. These
optical properties must model that of oral squamous epithelium (6, 14, 15). The absorption coefficient, or the amount
of absorbing events per optical path length, is controlled through the addition of nigrosin, a black powder (17). The
scattering coefficient, or the amount of scattering events per optical path length, is controlled through the addition a
titanium dioxide, a white powder (15). The refractive index of silicone based phantoms, such as PDMS, is
approximately 1.4, which closely matches that of human tissue. Anisotropy is the measure of directional dependence
and in our case is measured by the average cosine of the scattering angle, and is thus a number between 0 and 1 (15).
Closely matching the optical properties of the optical phantoms and human oral squamous epithelium is important to
accurately calibrate the Diffuse Reflectance Microendoscope, mainly for positioning the fiber bundle image guide and
illumination fiber. Equally important is matching the phantom’s geometric properties to human oral squamous
epithelium. The thickness of the oral mucosa varies depending on location. The buccal mucosa, the oral mucosa of
the inner cheeks and lips, is approximately 500 microns thick. Elsewhere the oral mucosa ranges between 100 and
200 microns, such as in the soft palate, the floor of the mouth, the gums, and the underside of the tongue (18). We
have designed a method to create thin-film PDMS optical phantoms ranging between 100 and 600 microns, which is
the exact thicknesses required to model the geometry of oral squamous epithelium. This is done through the use of a
spin coating device (16). Another unique aspect about creating reproducible thin-film PDMS optical phantoms with
tunable optical properties is the ability to use computer modeling techniques to compare simulated data to diffuse
reflectance data from phantoms. Our lab uses Monte Carlo modeling techniques to model photon propagation through
PDMS optical phantoms (4, 19).
When a light source directs light into tissue, photons will penetrate the superficial layer and undergo scattering
and absorption to varying degrees (4, 20-22). Photons which travel deeper into the material will lose energy due to the
greater probability of coming into contact with an absorbing material. Therefore, photons which penetrate deeper and
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emerge at a greater radial distance from the light source will have a lower intensity at the surface, illustrating the
concept of diffuse reflectance (Figure 2) (23). The path that individual photons follow can be probabilistically modeled
by Monte Carlo simulations (4). The Monte Carlo code is based on research by Wang et al. and later modified to a 3dimensional version by Dunn et al. and Hillman et al (4, 19). This code is unique in that it will be able to take into
account physical parameters of the diffuse reflective microendoscope, including the numerical aperture of the
illumination fiber and image guide. The code will also allow us to modify parameters of individual material layers of
PDMS optical phantoms, such as refractive index, anisotropy, and scattering and absorption coefficients (4, 15). Once
we believe our modifications to the Monte Carlo code accurately reflect optical properties of both non-keratinized
epithelial tissue and our PDMS optical phantoms, our simulation results will allow us to adjust parameters on the
diffuse reflectance microendoscope, primarily the distance between the illumination fiber and image guide, in order
to maximize the photon flux through the deep layers of a material (4). While our initial studies use optical phantoms,
it is important that the light source be able to penetrate to the predicted basement membrane depth of the oral mucosa
so that the entire epithelium is imaged. Typically, the basement membrane of epithelial tissues lies between 100 and
400 micron from the apical surface, so photons must be able to penetrate to at least this depth within the tissue and
our PDMS optical phantoms (17, 18). Once initial Monte Carlo modeling was complete, we were able to compare the
Monte Carlo simulations with actual qualitative and quantitative results obtained from the diffuse reflectance
microendoscope on the polydimethylsiloxane (PDMS) optical phantoms.
2.

Materials and Methods

2.1 Polydimethylsiloxane (PDMS) Optical Phantoms
2.1.1 Optical Properties of PDMS Optical Phantoms
Phantoms are usually non-biological materials that simulate properties of human tissue and are used in this case for
initial design, development, and calibration of the DRME (15). The specific phantoms we present in this study are
made of a bulk polydimethylsiloxane (PDMS) matrix and must be designed to mimic optical and geometric properties
of oral stratified squamous epithelium (15, 24). The optical properties are tuned with the addition of varying amounts
of titanium dioxide and nigrosin powder (15, 17, 24).
To begin the process of creating thin-film PDMS optical phantoms, between 6.65 and 6.85 grams of PDMS
elastomer base is dispensed into a mixing cup (THINKY, USA) and weighed to the nearest milligram. For a
completely cured phantom by the end of the procedure, a precise 10:1 mass ratio of elastomer base to curing agent is
Greening, G.
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used (25). Therefore, after the elastomer base has been weighed, this value is divided by 10 to obtain the required
mass of curing agent. The required mass of the curing agent is converted into a volume, which is given in units of μL.
Equation 1 provides the conversion from mass of elastomer base to volume of curing agent.

𝑀𝑎𝑠𝑠𝐸𝐵 [𝑔] ∙ [

1 𝑀𝑎𝑠𝑠𝐶𝐴 [𝑔]
1 𝑘𝑔
0.00103 𝑚3 1000𝐿 106 𝜇𝐿
]∙[
]∙[
]∙[
]∙[
] = 𝑉𝑜𝑙𝑢𝑚𝑒𝐶𝐴 [𝜇𝐿]
10 𝑀𝑎𝑠𝑠𝐸𝐵 [𝑔] 1000 𝑔
𝑘𝑔
1 𝑚3
1𝐿

Equation 1. This conversion describes volume of curing agent required to build a completely cured PDMS optical
phantom.

Using a 100-1000 μL micropipette, curing agent is acquired and dispensed into a 7 mL scintillation vial (VWR,
USA). To control the optical properties of PDMS, titanium dioxide and nigrosin are used to vary the scattering and
absorbing properties, respectively. Titanium dioxide is weighed out to the nearest milligram and dispensed into the
same 7 mL scintillation vial containing the curing agent. Titanium dioxide and the curing agent are then thoroughly
mixed for 15 seconds on a vortexer to break up any large particles of titanium dioxide. This also ensures an even
concentration throughout the curing agent-titanium dioxide mixture. The 7 mL scintillation vial is placed in a 50 mL
beaker, which is filled with distilled water at least to the level of the mixture in the 7 mL scintillation vial. The beaker
is placed in a sonicator and sonicated for 40 minutes to break up small particles of titanium dioxide that may remain
in solution. This ensures consistent scattering properties throughout the phantom. While the titanium dioxide and
curing agent are undergoing sonication, a 1 w/v % of nigrosin in distilled water is prepared. To control the absorbing
properties of optical phantoms, varying amounts of 1 w/v % nigrosin stock solution are added to the PDMS elastomer
base with a micropipette. Upon addition of 1 w/v % stock nigrosin solution, the mixture is thoroughly mixed and
degassed in a THINKY ARE-150 mixer (THINKY, USA). After the 7 mL scintillation vial containing the titanium
dioxide and curing agent has been removed from the sonicator, the vial is placed once again on the vortexer for 10
seconds in case any settling occurred during the sonication process. After mixing on the vortexer, the titanium dioxide
and curing agent solution is removed from the 7 mL scintillation vial with a 100-1000 μL micropipette and dispensed
into the mixture containing the PDMS elastomer base and 1% w/v stock nigrosin solution. After dispensing, the final
mixture containing all necessary components is immediately placed in the mixer to undergo a final mixing and
degassing step, each of which takes two minutes. The addition of titanium dioxide and nigrosin is sufficient to fine
tune the scattering and absorbing properties of optical tissue phantoms.
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Absorbing properties, specifically the absorption
coefficient, were determined using the Beer-Lambert
approximation of diluted samples of nigrosin in distilled
water (17). While optical tissue phantoms are constructed
with PDMS, distilled water can accurately model
absorption in PDMS because both are optically clear (15,
26). In this experiment, a 1 w/v % stock solution of nigrosin
in distilled water was prepared. From this stock solution, 12
diluted solutions were created at concentrations of 0.005,
0.010, 0.015, 0.020, 0.025, 0.030, 0.035, 0.040, 0.060,
0.080, 0.100, and 0.400 mg nigrosin per mL distilled water.
Figure 3 (A) shows several of these samples. 2.25 mL of
each of these samples was dispensed into a 1 cm plastic

Figure 3. Absorption coefficient was determined with serially
diluted samples of nigrosin (A) Samples of 0.005, 0.010, 0.015,
0.020, 0.040, 0.100, and 0.400 mg nigrosin per mL distilled water
, (B) Cuvette filled with a dilute sample, and (C) Instrumentation
to calculate transmitted light and absorption coefficient

cuvette. In addition, 2.25 mL of distilled water, without any nigrosin, was dispensed into a 1 cm plastic cuvette to
serve as a control. The control cuvette was placed inside a cuvette holder. A 5mW 635 nm red laser pointer directed
light through the cuvette, striking the sensor of a spectrometer, shown in Figure 3 (C). The spectrometer provided a
power reading in units of W/cm2. The 12 remaining serially diluted cuvettes were then sequentially placed in the
cuvette holder to obtain the new power reading of the transmitted light. The Beer-Lambert approximation (27) was
used to determine the absorption coefficient in terms of cm-1 for each of the concentrations of nigrosin in distilled
water. Equation 2 shows the Beer-Lambert approximation, solved for the absorption coefficient, μ a. Knowing the
absorption coefficient nigrosin allows the creation of PDMS optical phantoms of any absorption coefficient within the
limits of the concentrations measured in this experiment.

𝜇𝑎

[cm−1 ]

I
− log10 ( T )
I0
=[
]
l [cm]

Equation 2. Beer-Lambert approximation solved for the absorption coefficient. IT and I0 represent transmitted and
incident light, respectively, while l represents path length of 1 cm
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Once the relationship between nigrosin concentration and absorption coefficient was known, phantoms could be
designed to validate the DRME. Three large PDMS optical phantoms were created with the same absorption
coefficient but varied scattering properties. Each of the large phantoms was created by mixing components in the
mixing cup. After the final mixing and degassing step of each of the three large phantoms, the mixing cups were
placed in an oven at 70 degree Celsius for 3
hours to complete the curing process. Each of
the phantoms was constructed with an
absorption coefficient of 0.2 cm-1. While the
exact relationship between titanium dioxide
Figure 4. Three large base-layer phantoms. All phantoms have an absorption
coefficient of 0.2 cm-1 and subjective scattering properties of (A) 1.8 mg TiO2 /
mL PDMS, (B) 3.4 mg TiO2 / mL PDMS, and (C) 5.0 mg TiO2 / mL PDMS

concentration and scattering coefficient has not

yet been determined, the subjective scattering coefficient can still be manipulated. A concentration of 1.8 mg of
titanium dioxide per mL of PDMS corresponds to an approximate scattering coefficient of 100 cm -1 (24, 28).
Therefore, the three large phantoms were created with concentrations of 1.8 mg/mL, 3.4 mg/mL, and 5.0 mg/mL,
respectively. Figure 4 shows these three phantoms.
2.1.2 Depth Control of PDMS Optical Phantoms
Optical properties were tuned by the addition of titanium dioxide and nigrosin (17, 28). Large phantoms can be easily
created by adequately mixing PDMS elastomer base, curing agent, nigrosin, and titanium dioxide, as outlined in the
procedure and experiments in the previous section. However, it is equally important to control phantom layer thickness
of thin-film PDMS optical phantoms when modeling oral epithelium (16). Thin-film phantoms can be combined with
a larger base to create multi-layered phantoms, which can more accurately model oral epithelium (25).
The first step in controlling the depth of PDMS optical phantoms was raising the temperature of the uncured
mixture containing the elastomer base, curing agent, titanium dioxide, and nigrosin. Exactly one minute upon removal
from the mixer and degasser in the final mixing and degassing step, the uncured mixture is placed in an oven for 3
minutes at 70 degrees Celsius to begin the curing process. The mixture is then carefully removed from the oven and
allowed to stand at room temperature for another minute to ensure the temperature throughout the mixture is
consistent. After a one minute, the uncured PDMS mixture is slowly poured onto the center of the 10 cm diameter
silicon wafer so that the PDMS forms an approximate circle of 2 cm in diameter. The lid is closed and the spin coater
is run at optimized settings for 30 seconds.
Greening, G.
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The spin coater is optimized to accelerate to its peak rpm in 4 seconds. Once the spin coater reaches its maximum
rpm value, it remains spinning for 20 seconds. After the 20 seconds of peak speed has passed, the spin coater
decelerates back down to zero in 4 seconds. Thus, the total amount of time the PDMS spends in the spin coater is 28
seconds. The speed of the spin coater determines the final depth of the optical phantom. If the spin coater is
programmed to reach a higher rpm value for 20 seconds, the final depth of the phantom decreases. RPM values can
be tuned with a precision of every whole number, and thus, the depth of optical phantoms can be easily controlled.
Settings on the spin coater must be set before mixing the PDMS elastomer base with its curing agent to ensure a
precise time table is followed so depth control is reliable. Once the spin coater’s PRM reaches zero, the silicon wafer,
containing a thin-film of the partially cured PDMS mixture, is removed, placed in a plastic petri dish and into the oven
at 70 degrees Celsius to complete the curing process. After two hours, the PDMS will have completely cured.
Depth was measured using a wide-field microscope and MATLAB. The thin-film PDMS layer, currently resting
on the silicon wafer, is removed from the oven. The thin-film PDMS layer is carefully peeled off the silicon wafer.
To measure depth, a 1 cm transverse sample is cut from the phantom and placed on a glass slide so that the phantom
surface is on its side. This way, the height (depth) of the phantom is parallel with the surface of the glass slide (Fig 5
(C)). The glass slide is placed under the wide-field microscope and imaged with a 0.25 numerical aperture (NA), 4X
objective lens. The image of the transverse slide is saved as a .tif file and imported into MATLAB. This image is
converted into a grayscale color map and a line plot is created perpendicular to the length of the phantom (Fig 5 (C)).
The depth is quantified by calibrating the image with the 1951 USAF resolution test chart to obtain a micron per pixel
ratio (Fig 5 (D)).

Figure 5. Thin-film PDMS optical phantom (A) Wide-field microscope used to image phantoms. (B) A phantom approximately 4 cm 2, (C)
Transverse slices from the same phantom. Approximately 1 cm of the phantom was cut and flipped on its side so that the surface facing up is
the depth of the phantom, (D) Wide-field microscopy image taken with a 4X 0.10 NA objective with a Nikon camera. Using MATLAB, a line
plot is taken through the phantom (red line) to determine thickness. Scale bar represents 500 microns, (E) 1951 USAF resolution test chart used
to acquire a micron/pixel ratio so that phantom depth can be quantified. Scale bar represents 500 microns.
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To test the reliability and reproducibility of the spin coating procedure, two thin-film phantoms were created at
spin coater speeds of 100, 200, 300, 400, 500, 700, and 1000 RPM. Each phantom at a particular spin coater speed
was sampled 6 times for a total of 12 measurements at each of the six speeds. Figure 13 shows the results of this study.
Figure 5 (B) shows a single thin-film layer of PDMS. Single thin-film PDMS layers can be coupled to a much
larger base to create a multi-layered phantom. The large base layer can be combined with any number of thin-film
layers with varying optical properties to simulate phenomenon within the oral epithelium. For example, a thin dark,
absorbing layer can be applied to the base layer to
simulate an oral squamous cell carcinoma while a less
absorbing thin layer can be applied to the base layer to
simulate healthy oral epithelium. Figure 6 shows the
versatility of creating multilayered phantoms. These
multilayered PDMS optical phantoms, as well as large
single base layers, can be imaged by the DRME.

Figure 6. Multilayered phantoms that can potentially be imaged by
the DRME. A multilayer phantom with an absorption coefficient of
0.2 cm-1, subjective scattering of 1.8 mg TiO2 / mL PDMS and (A) a
highly absorbing layer, (B) a layer of reduced absorption coefficient
and (C) a multilayer phantom with combined thin-film phantoms
from images (A) and (B)

2.2 Monte Carlo Modeling
2.2.1 Two-Dimensional Monte Carlo Simulations for Multi-Layered Media
Before imaging phantoms with the DRME, it was necessary to determine optimal fiber positioning, known as sourcedetector separation, of the illumination fiber and image guide. Monte Carlo simulations for Multi-Layered Media
(MCML) were performed to determine optical source-detector separation (4, 19).
MCML is a code written in Standard ANSI C that allows users to modify optical and geometric properties of
materials or tissues such as depth, refractive index, anisotropy, and absorption and scattering coefficients. The code
then delivers a specified number of photons through a Gaussian laser of an infinitely small diameter to the tissue in
which the optical and geometric properties were previously specified for (4). Upon completion of the simulation, the
code provides a two-dimensional output which models how light from the laser behaves within a tissue or material.
Specifically, the code provides information on diffuse reflectance within a tissue or material. With MCML, a tissue
or optical phantom’s properties can be specified in the code to get an understanding of how light should behave within.
MCML is particularly useful for determining the optimal source-detector separation of the illumination fiber (source)
and image guide (detector) (4).
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MCML simulations were performed to model the diffuse reflectance profile of media with three different scattering
coefficients at three different source-detector separations to determine optimal fiber positioning. It is desirable to be
able to distinguish differences between the diffuse reflectance profiles of materials with varying scattering coefficients
at certain source-detector separations. Three simulations
were performed in which the scattering coefficient of a single
large base layer was increased from 80 cm-1, 120 cm-1, and
160 cm-1 while holding the absorption coefficient constant at
0.2 cm-1, which correspond to a normal range of scattering
coefficients found in the epithelium of the human small
bowel. Once these simulations were performed, three charts
were created for center-center source-detector separations of
1 mm, 2 mm, and 3 mm. Figure 7 shows the experimental
set-up in which this MCML simulation models. Figure 8
shows the MCML code used to generate the diffuse

Figure 7. Before imaging multilayered phantoms, it is
necessary to have an idea of the optimal source-detector
separation between the image guide (1) and illumination fiber
(2,3,4) of the DRME. A Monte Carlo simulation for MultiLayered Media (MCML) is performed for 3 source-detector
separations of (2) 1 mm, (3) 2 mm, and (4) 3 mm

reflectance profile of a single base-layer PDMS phantom with scattering and absorbing coefficients of 80 cm-1 and 0.2
cm-1, respectively. PDMS phantoms have a refractive index and anisotropy of approximately 1.4 and 0.90,
respectively, which are indicated in the code in Figure 8. Additionally, 107 photons were sent through the simulated
PDMS phantom. Figure 14 shows the results of this experiment (4).
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Figure 8. An example MCML input file (4). This input file produces an output file which is read by a custom Matlab
MCML program. This Matlab program generates a graph of diffuse reflectance per the parameters specified in this
input file. This particular input file sent 10,000,000 photons into the simulated PDMS phantom. PDMS phantoms have
a refractive index (n) of 1.4 and anisotropy (g) 0f 0.9, which is indicated on the line that reads “# layer 1.” Also in this
line, the absorption coefficient was set to 0.2 cm-1 while the scattering coefficient was set to 80 cm-1. Two additional
input files, not pictured here, were created with scattering coefficients of 120 cm -1 and 160 cm-1

2.2.2 Three-Dimensional Monte Carlo Simulations
The next step in evaluating the diffuse reflectance channel of the DRME was to create a three-dimensional Monte
Carlo model. Previously, two-dimensional Monte Carlo simulations (MCML) were performed to evaluate the optical
source fiber separation by comparing center-to-center separations of 1, 2, and 3 mm. In the three-dimensional Monte
Carlo model, a source-detector separation of 1 mm was used (19). The properties of the material being imaged in the
model were equivalent to the properties of the PDMS optical phantom used in the preceding experiment. In the model,
the absorption coefficient, scattering coefficient, and anisotropy are 0.2 cm-1, 100 cm-1, and 0.9, respectively (19). The
diffuse reflectance profile of the three-dimensional model could then be directly compared to actual diffuse reflectance
images taken at a 1 mm source-detector separation on the optical phantom. Results of this study are shown in Fig 14.
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2.3 Diffuse Reflectance Microendoscope
2.3.1 Diffuse Reflectance Microendoscope Construction
The Diffuse Reflectance Microendoscope (DRME) provides information about both apical epithelial cell morphology
and sub-surface diffuse reflectance of a material. Therefore, the DRME is equipped with two specific channels. For
the channel responsible for epithelial cell morphology, a proflavine fluorescent system is used (5, 9). A 455 nm blue
LED is attached to the DRME and delivers light towards a 460 nm short pass excitation filter (Chroma, USA). The
short pass filter transmits light of wavelengths less than 460 nm. The filtered LED light comes into contact with a 475
nm dichroic mirror (Chroma, USA), which
reflects the filtered blue light towards a
10X, 0.25 NA achromatic objective lens
(Olympus Corporation, Tokyo, Japan).
The filtered blue light transmitted through
the objective lens is coupled to a 600
micron-core fiber optic image guide
Figure 9. Schematic of the DRME. Arrows indicate light direction. This device
combines an epi-illumination fluorescence channel and diffuse reflectance channel. The
epi-illumination fluorescence channel provides information on apical epithelial cell
morphology. The diffuse reflectance channel provides information on sub-surface
abnormalities. Combining these two systems may provide more complete information
regarding dysplasia of oral squamous cells. 1) Image Guide Fiber, 2) Multimode
Illumination Fiber, 3) 10X 0.22 NA Objective 4) 635 nm Laser 5) 475 nm dichroic
mirror, 6) 590 nm dichroic mirror, 7) Aluminum mirror, 8) 75 mm tube lens, 9) 75 mm
tube lens, 10) 460 nm short pass excitation filter, 11) 525 nm emission filter, and 12)
610 nm long pass emission filter

(Myriad Fiber Imaging, USA), which
delivers blue light to the desired tissue.
The tissue being imaged is stained with
proflavine (Company, USA), which has a

peak fluorescence excitation of 444 nm and a peak fluorescence emission of 508 nm. Proflavine stains cells by
intercalating a cell’s DNA molecules, resulting in clear visibility of nuclear structures. Upon delivery of blue light to
the stained specimen, the proflavine, primarily concentrated in the cell’s DNA, excites and emits green light around
508 nm. The image guide, which delivers blue light to the proflavine-stained specimen, also collects the green emitted
light and thus serves as an epi-illumination system, in which the illumination and detection occur on only one side of
the sample through the same pathway. The green emitted light passes through the 10X, 0.25 NA objective lens, coming
into contact with the 475 nm dichroic mirror. However, because most of the emitted light is of a greater wavelength
than the 475 nm cut-off, the green light passes through the dichroic mirror. After passing through the 475 nm dichroic
mirror, the emitted green light strikes a second dichroic mirror (Chroma, USA) with a cut-off wavelength of 590 nm.
Most of the light, being of a lower wavelength, reflects off the 590 nm dichroic mirror and onto a 75 mm achromatic
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doublet tube lens (Thorlabs, USA), which focuses green light onto the sensor of a CCD camera (Point Grey, USA) 75
mm away. Directly in front of the CCD sensor is a 525 nm emission filter (Chroma, USA). This particular emission
filter has a full width of 40 nm, meaning that it only allows light between the wavelengths of approximately 505 and
545 nm to pass through to the CCD. The cells that are imaged using this pathway undergo approximately a 70X
magnification. For the channel responsible for diffuse reflectance, a different light source is used. Instead of the blue
455 nm LED used in the first channel, 635 nm red light is coupled to a 105 micron-core, 0.22 NA, multimode
illumination fiber (Myriad Fiber Imaging, USA) and delivered to the sample. The 635 nm light penetrates into the
sample and undergoes diffuse reflectance. A certain amount of 635 nm light will scatter back out of the sample and is
collected by the image guide, the same image guide responsible for delivering excitation light and collecting emitted
light in the first channel. The 635 nm light will pass through this same initial pathway and come into contact with the
475 nm dichroic mirror. This dichroic mirror transmits the 635 nm light to the second dichroic mirror. The second
dichroic mirror, with a cut-off of 590 nm, transmits the red 635 nm light to a 75 mm achromatic doublet tube lens
(Thorlabs, USA), which focuses red light onto the sensor of a second CCD camera (Point Grey, USA) 75 mm away.
Before reaching the second CCD sensor, the diffusely reflected 635 nm light reflects off a 1 inch UV-enhanced
aluminum mirror (Thorlabs, USA) and through a 610 nm long pass filter. This filter transmits all light of wavelengths
greater than 610 nm, ensuring that no emitted green light from the first channel reaches the CCD of the second channel.
The light reaching the second CCD represents
a diffuse reflectance profile, which provides
information on the sub-surface behavior of
light within the sample. Both CCDs are USB
3.0

compatible

and

are

simultaneously

plugged into a computer. Using FlyCap
imaging software (Point Grey, USA), both the
fluorescence and diffuse reflectance profiles of
a material can be viewed on screen at the same
time. The DRME is currently undergoing

Figure 10. The final construction of the Diffuse Reflectance Microendoscope
(DRME). The illumination fiber and image guide are not shown.

bench-top non-clinical testing.
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2.3.2 Diffuse Reflectance Microendoscope Phantom Imaging
Once construction of the Diffuse Reflectance Microendoscope (DRME) was complete, two experiments were run
in conjunction with the MCML simulations to determine optical source-detector separation. The near-infrared CCD
of the DRME (Fig 9, CCD 2), which captures diffusely reflected light, was turned on. A single large phantom with an
absorption coefficient of 0.2 cm-1 and scattering coefficient of approximately 100 cm-1 was used in these experiments
(Fig 4(A)). A custom made source-detector separator, created by Josh Hutcheson using SolidWorks, with center-tocenter separations of 1, 2, 3 mm, was used to input the illumination fiber and image guide (Fig 12 (B)). The sourcedetector separator, connected to both the illumination fiber and image guide, was moved across the surface of the
PDMS optical phantom in four locations as shown in Figure 12. At each of these locations, five diffuse reflectance
images were taken using FlyCap imaging software for each source-detector separation of 1, 2, and 3 mm. This resulted
in a total of 60 diffuse reflectance images. For each image, the exposure was set to 200 ms and the gain to 0 dB. In
this experiment, 150 mm tube lenses were used on the DRME instead of the 75 mm tube lenses listed in the final
design in the previous section. Images from this experiment can be seen in Figures 15.

Figure 12. Imaging with the (DRME). (A) 3 source-fiber separations between the image guide (1) and illumination fiber (2,3,4) were
tested at 1, 2, and 3 mm, (B) A top view of the PDMS optical phantom showing all 4 locations in which the diffuse reflectance profile
was imaged and (C) The actual experiment taking place. The black fiber is the image guide and the yellow fiber is the illumination fiber.
The phantom, with absorption and scattering coefficients of 0.2 cm-1 and approximately 100 cm-1, respectively, is being imaged.

A second experiment was run using 75 mm tube lenses (Figure 9 (8 and 9)) instead of 150 mm tube lenses. A
single large phantom with an absorption coefficient of 0.2 cm-1 and scattering coefficient of approximately 100 cm-1
was imaged (Fig 4 (A)). Using the same source-detector separator in the previous experiment, the phantom was imaged
at each of the 4 locations (Figure 11 (B)) 5 times at only the 1 mm separation, resulting in a total of 20 images. 2 of
the images were saturated and were thrown out, yielding a sample size of 18. For each image, the exposure was set to
70 ms and the gain to 0 dB. An example of one of the diffuse reflectance images can be seen in Figure 16, along with
a line plot that shows the 8-bit light intensity (a measure of diffuse reflectance) across the center of the image. In
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addition, the same diffuse reflectance image was compared to a 3D Monte Carlo simulation using the same optical
and geometrical properties (Figure 17). Finally, all 18 of the diffuse reflectance images were averaged to yield a graph
that averages the intensity value of every 40 pixels across the length of the image. This graph, which measures average
diffuse reflectance and standard deviation for the 18 sample images, is shown in Figure 18.
3.

Results

3.1 Polydimethylsiloxane (PDMS) Optical Phantoms
3.1.1 Optical Properties of PDMS Optical Phantoms
The absorption coefficient was quantified for
PDMS optical

phantoms

with

nigrosin

concentrations between 0.005, 0.010, 0.015,
0.020, 0.025, 0.030, 0.035, 0.040, 0.060,
0.080, 0.100, and 0.400 mg nigrosin per mL
distilled water. These numbers correspond to
adding 10, 20, 30, 40, 50, 60, 70, 80, 120, 160,
200, and 800 μL of 1% w/v nigrosin stock
Figure 12. Relationship between absorption coefficient and nigrosin
concentration. Notice the linear relationship. As the amount of nigrosin increases,
absorption coefficient increases.

solution in 20 mL distilled water. Distilled
water was used in this experiment because it

has the same optical properties (absorption, scattering, and refractive index) as PDMS. For concentrations between
0.005 and 0.040 mg nigrosin per mL distilled, a near linear relationship exists between concentration and absorption
coefficient, which was confirmed using the Beer-Lambert Law (27). In the small intestine, which can be used as a
model for oral epithelium, absorption coefficients range between 0.1 cm-1 and 0.5 cm-1 in the near-infrared region of
the electromagnetic spectrum, which is the same wavelength range used for the diffuse reflectance channel in the
DRME (14). Because the relationship is between nigrosin concentration and absorption coefficient is linear, the precise
absorption coefficient can be easily controlled with the addition of certain amounts 1% w/v nigrosin stock solution to
PDMS. This relationship provided the information necessary to create large phantoms with known absorbing
properties that could be imaged by the DRME. Furthermore, knowing the exact absorption coefficient of PDMS
optical phantoms is important when performing two and three-dimensional Monte Carlo simulations.
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3.1.2 Depth Control of PDMS Optical Phantoms
Monte Carlo simulations also require the depth of
material layers to be specified. Light behaves
differently within two materials of equivalent
optical properties but different depths. It was
therefore important to control depth of thin-film
PDMS layers. More broadly, for diagnostic
systems, like the DRME, whose purpose is to
gather data on various thin layers in the body such
as epithelial tissue in the oral cavity or esophagus,

Figure 13. Relationship between depth of thin-film PDMS optical phantoms
and spin coater speed.

designing thin phantom layers is especially
beneficial (See Figures 4 and 5). The process outlined in Section 2.3 outlines the procedure for creating thin-film
PDMS optical phantoms take can be combined with a larger base to create a multi-layered phantom that can model
various tissue layers in oral epithelium. Using a spin coater, thin-film PDMS layers can be reliably and reproducibly
manufactured between 600 and 100 microns in depth. This corresponds to spin coater speeds between 200 and 1000
RPM. Figure 13 shows a clear relationship between spin coater speed and phantom depth. While keeping spinning
time constant, as the rotational speed of the spin coater increases, the depth of thin-film PDMS phantoms decrease.
Based on this procedure, any thin phantom can be designed at depths between 600 and 100 microns. Along with
precise control of optical properties, controlling depth allows for modeling of non-keratinized epithelium (18).
3.2 Monte Carlo Modeling
3.2.1 Two-Dimensional Monte Carlo Simulations for Multi-Layered Media
Monte Carlo simulations for Multi-Layered Media (MCML) were performed to get an idea of the optimal sourcedetector separation between the illumination fiber (source) and image guide (detector) of the Diffuse Reflectance
Microendoscope. Figure 14 shows the results of this study. The MCML images correspond to center-to-center sourcedetector separations of 1, 2, and 3 mm, respectively. The x-axis represents the distance between the edge of the
illumination fiber (light source) and 600-micron diameter image guide. For example, with a center-to-center source
detector separation of 1 mm, the closest edge of the image guide is 647.5 microns from the edge of the illumination
fiber (radius = 52.5 µm). The farthest edge of the image guide is 1247.5 microns from the edge of the illumination
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fiber. Therefore, the total distance from one edge of the x-axis to the other is 600 microns, the diameter of the image
guide, in all cases. The y-axis represents surface fluence [cm-2], the energy of photons that escape per unit area per
delivered energy of the material being imaged. Surface fluence is a measurement of diffuse reflectance (4). More
scattering materials will cause more photons, and thus more energy, to escape the surface. This is apparent when
comparing the blue, red, and green lines of Figure 14. These graphs show the same materials being imaged at different
source fiber separations (Fig 11).
Figure 14 shows the diffuse reflectance profiles of 3 materials with differing optical properties. The optimal sourcedetector separation is one which provides the largest difference between materials of differing optical properties.
Notice the nearly indistinguishable curves of the materials in both (A) and (D) in Figure 14. When the illumination
fiber (source) and image guide (detector) are either too close together or too far apart, a clear diffuse reflectance profile
between materials of differing optical properties cannot be clearly quantified.
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Figure 14. Monte Carlo Simulations for Multi-Layered Media (MCML) representing 4 different source-detector separations. 3 simulations were
initially performed, varying the scattering coefficient. The scattering coefficient varies between 80 cm -1 (Blue), 120 cm-1 (Red), and 160 cm-1 (Green).
The graphs represent a center-to-center source-detector separation of (A) 0.35 mm, (B) 1 mm, (C) 2 mm, and (D) 3 mm. If the illumination fiber and
image guide are very close together as in (A), materials with differing optical properties are nearly indistinguishable. At the same time, if the
illumination fiber and image guide are very far apart as in (D), materials with differing optical properties are nearly indistinguishable as well. The
black bar is located 0.1 mm from the center of the image guide for visualization.

3.3 Diffuse Reflectance Microendoscope
3.3.1 Diffuse Reflectance Microendoscope Phantom Imaging
Two experiments were performed with the diffuse reflectance channel of the DRME. In the first experiment, 60 total
diffuse reflectance images of a single base layer PDMS optical phantom were acquired from the DRME. The PDMS
optical phantom has absorption and scattering coefficients of 0.2 cm-1 and 100 cm-1. The refractive index and
anisotropy can be estimated at 1.40 and 0.9, respectively. 5 images at each source-detector separation (1, 2, and 3 mm)
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were taken at 4 spots on the top of the PDMS phantom (Figure 11) for a total of 60 images. Figure 16 shows diffuse
reflectance images taken of the phantom at 1, 2, and 3 mm.

Figure 15. DRME diffuse reflectance images taken of a phantom with absorption coefficient, scattering coefficient, refractive index, and anisotropy
coefficient of 0.2 cm-1, 100 cm-1, 1.4, and 0.9, respectively. FlyCap software was used to take images from the diffuse reflectance CCD (See figure
1). Exposure was set to 200ms while gain was set to 0 dB. The images were taken of the same PDMS optical phantom at source-detector
separations of (A) 1 mm, (B) 2 mm, and (C) 3 mm

In the second experiment, 20 total diffuse reflectance images at 1, 2, and 3 mm of a single base layer PDMS optical
phantom (absorption coefficient of 0.2 cm-1, scattering coefficient of approximately 100 cm-1, and refractive index of
1.4) were acquired from the DRME using 75 mm tube lenses. Using the 75 mm tube lenses instead of the 150 mm
tube lens reduces the magnification by 2 so that the entire image guide fiber fits on the CCD sensor. The same PDMS
base layer, as in the first experiment, was used in the second experiment. 5 images at the 1, 2, and 3 mm sourcedetector separation were taken at 4 spots on the top of the PDMS phantom (Figure 11) for a total of 60 images. 2 of
the images at the 1 mm source-detector separation were disregarded due to saturation for a total of 58 samples. Figure
16 (A) shows an example of a diffuse reflectance image of the phantom at a 1 mm source-detector separation (See Fig
11 (C)). Figure 16 (B) represents 8-bit pixel intensity plotted through the center of the diffuse reflectance profile.
Figure 17 (A) is a color map representation of Fig 16 (A). Figure 17 (B) is a 3D Monte Carlo simulation of delivering
light to a material with the same optical properties as the imaged phantom. Figure 18 shows the average 8-bit pixel
intensity of all 18 samples of the 1 mm source-fiber separation, with the data points representing the average intensity
across 40 pixels, of all 18 images of the phantom.
Finally, Figure 19 compares black and white diffuse reflectance images, color maps, and the average pixel intensity
across the middle of the images for the 1, 2, and 3 source-detector separations.
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Figure 16. Demonstration of the concept of diffuse reflectance with 75mm tube lenses on the DRME. Exposure was set to 75 ms while gain was set to
0 dB This diffuse reflectance data was gathered on a phantom with the following approximate optical properties: absorption coefficient=0.2 cm-1,
scattering coefficient = 100 cm-1, refractive index=1.4, anisotropy=0.9, source-detector separation=1 mm, detector diameter=0.6 mm (A) In Matlab, a
line was drawn straight through the middle (Pixel column = 800, Row column between 600 and 1480) of a diffuse reflectance image of a phantom with
a source-detector separation of 1 mm to map the intensities across this line, while (B) shows the intensity value across the line drawn through (A).

Figure 17. Comparison between actual DRME image and 3D Monte Carlo simulation with 75mm tube lenses on the DRME. Exposure was set to 75 ms
while gain was set to 0 dB This diffuse reflectance data was gathered on a phantom with the following approximate optical properties: absorption
coefficient=0.2 cm-1, scattering coefficient = 100 cm-1, refractive index=1.4, anisotropy=0.9, source-detector separation=1 mm, detector diameter=0.6
mm The image in (A) represents the same diffuse reflectance profile of the phantom shown in Figure 17 (A) using a color map produced in Matlab,
while (B) represents a 3D Monte Carlo simulation with identical optical and geometric properties of the optical phantom, a detector diameter of 0.6 mm
(identical to the image guide of the DRME), and a source-detector separation of 1 mm
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Figure 18. Average pixel intensity of 18 diffuse reflectance profiles taken with the DRME of a PDMS optical phantom with an absorption coefficient
of 0.2 cm-1, scattering coefficient of approximately 100 cm-1, and refractive index of 1.4. The region of the image guide that is closest to the illumination
fiber is more intense (See Figures 17 and 18).

Figure 19. Comparison of diffuse reflectance images taken at the 1, 2, and 3 mm positions of a PDMS optical phantom with an absorption coefficient
of 0.2 cm-1, scattering coefficient of approximately 100 cm-1, and refractive index of 1.4. The first row shows the actual black and white images the
DRME takes. The second row shows a color map, with identical limits for each image. The last row shows the average pixel intensity of diffuse
reflectance profiles of the 1, 2, and 3 mm positions on the phantom.
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4.

Discussion

All of the outlined procedures and experiments were designed to validate a Diffuse Reflectance Microendoscope
(DRME). Polydimethylsiloxane (PDMS) optical phantoms were designed as a calibration device for the DRME.
Images were taken of phantoms both as a proof-of-principal and to test different source-detector separations between
the illumination fiber and image guide of the DRME. Monte Carlo simulations were used for several reasons. First,
two-dimensional MCML can provide a model on how changing certain optical and geometric parameters will affect
the overall diffuse reflectance profile of the material (4). MCML is considered two-dimensional because it simulates
the behavior of light along a radial line from the light source (Fig 14). Surface fluence (energy per unit area per
delivered energy [cm-2]) is only measured along this radial line to provide a model for diffuse reflectance (4). Other
parameters in MCML can be modified as well, such as the source-detector separation and diameter of the image guide
fiber of the DRME. Therefore, MCML can show variation among materials of differing optical properties using the
same physical parameters of the DRME. This will provide a semi-accurate estimate of the ideal source-detector
separation between the illumination fiber and image guide (4). In addition to MCML, three-dimensional Monte Carlo
simulations were used. These Monte Carlo simulations (Fig 17) are considered three-dimensional because unlike
MCML simulations, 3-D Monte Carlo simulations model photon flux through the entire surface area of the image
guide (detector), creating a circular color map. This circular color map image can more accurately model our actual
images from the DRME (Fig 17). So, at the conclusion of these procedures and experiments, we have successfully
validated the concept of gathering diffuse reflectance data using a near-infrared laser from a material. We have also
demonstrated the creation of thin-film PDMS phantoms that can be used to create multi-layered phantoms that can
accurately model the different layers (stratified squamous epithelial layer and lamina propria) of the oral mucosa (6,
18). Despite this validation, many more additional steps are needed before the DRME can be used to gather clinical
data on actual human tissue. Measures will be taken to address these additional steps in future research.
First, while depth of thin-film PDMS phantoms can be precisely controlled between 100 and 600 microns, more
work is needed to establish the overall optical properties of these phantoms using our recipe. The absorption coefficient
was characterized by using the Beer-Lambert approximation on serially diluted samples of nigrosin (27). Based on
the experiment, absorption coefficient can be precisely controlled between 0 and 0.5 cm-1. In the small intestine, which
can be used as an optical model for the oral cavity and esophagus, absorption coefficients range between 0.19 and
0.21 cm-1 in the red to NIR wavelengths. In the large intestine, absorption coefficients range between 0.12 and 0.18
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cm-1 in the red to NIR wavelengths (14). So, as of now, it appears that we have determined a good way to control the
absorption coefficient of PDMS phantoms using nigrosin in the wavelengths necessary to validate the DRME. In
addition to absorption coefficient, refractive index is known. Silicone based polymers, like PDMS, have a refractive
index of approximately 1.4. This refractive index is the same as human tissue, so PDMS serves as an excellent model
of the oral mucosa (15). Despite these known values, several optical properties remain unknown. We can only estimate
the scattering coefficient based on previous research. Titanium dioxide is used as the scattering agent in PDMS
phantoms (15, 24, 28). We created three large base layers of PDMS with titanium dioxide concentrations of 1.8, 3.4,
and 5.0 grams/mL PDMS. These concentrations were used because the scattering coefficient of the 1.8 grams TiO 2
per mL PDMS should be approximately 100 cm-1, which is approximately the scattering coefficient of the small and
large intestines (14, 28). We have plans to ship these three large phantoms to faculty at Boston University, which has
the equipment needed to determine the scattering coefficient and reduced scattering coefficients of the PDMS optical
phantoms. Reduced scattering coefficient (𝜇𝑠′ ) is similar to a normal scattering coefficient (𝜇𝑠 ) except that it is
modified based on the anisotropy coefficient (g). The two values are related through the equation, (𝜇𝑠′ = (1 − 𝑔)𝜇𝑠 )
(15). Another problem we are facing is the inability to determine the anisotropy coefficient (g). Knowing these two
values, the scattering coefficient and anisotropy coefficient, will provide a complete picture of the optical properties
of our PDMS optical phantoms. Once we have a complete picture of optical properties, our phantoms can be designed
to more accurately model the oral mucosa so that accurate DRME images can be taken (14, 15). Knowing these optical
properties will also be beneficial in creating better two and three-dimensional Monte Carlo simulations. The Monte
Carlo models created in this set of experiments could only estimate the scattering and anisotropy coefficients of our
PDMS optical phantoms (4, 19). While we believe our estimates are close, exact values will need to be determined
eventually.
The second issue with our experiments is the lack of determination of source-detector separation between the
illumination fiber and image guide. Multiple experiments were performed to try to determine the optimal sourcedetector separation. MCML simulations were performed (Fig 14) to visualize how increasing center-to-center sourcedetector affected the differentiation between materials of differing scattering properties. While it is clear that a
separation of 0.35 mm is too close and a separation of 2 and 3 mm is too far, an actual value for this separation was
never determined. Furthermore, among the 20 images taken of the PDMS optical phantom with the DRME at a sourcedetector separation of 1 mm, there seemed to be quite a bit of variation among the samples. Some images appeared
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much brighter than others even though the camera settings and fiber separation was held constant. Several errors could
have contributed to this variation. First, our separation device (Fig 11) did not do a good job of holding the two fibers
in place. The device was meant to hold the fibers in place completely parallel to one another and to have both fibers
in direct contact with the phantom. However, the separation device did not do a sufficient job at either of these things.
Variation among images could have easily occurred if the fibers were not held completely parallel to one another or
were not in direct contact with the phantom. Several improvements need to be made in future experiment to improve
upon this limitation. A new separation device needs to be created with multiple (at least 4) source-detector separations
in the range between 0.5 and 1.5 mm. This device needs to be able to hold both fibers in place while reducing intersample variation caused by handling errors. Secondly, more images need to be taken with the current separation device
(Fig 11) at a 1 mm source-detector separation to quantify how much inter-sample variation is actually occurring.
The third aspect of our DRME imaging experiments that could be improved is the addition of a depth-experiment.
Diffuse reflectance mages need to be taken of multilayer phantoms with a highly absorbing layer (with identical
scattering of surrounding layers) at various depths within the bulk phantom. For example, experiments need to be
performed where the highly absorbing layer is buried at various depths between 0 and 2 cm every 100 microns. At
least 20 images will be taken of the multilayer phantom at each depth to produce a relationship similar to Figure 18.
We should expect to see similar relationships until the absorbing layer reaches a certain depth to where the change in
optical properties can be distinguished. This will show how deep the NIR light can penetrate into the phantom (17,
18).
Finally, the Monte Carlo models can be improved. Besides determining exact optical properties of PDMS optical
phantoms for the simulations, other additional modeling experiments are needed. MCML simulations were performed
at different source-detector separations for materials with varying scattering coefficients to determine differentiation
between these materials (4). However, because the goal of this project is to measure the diffuse reflectance profile of
materials with differing optical properties, 3-D Monte Carlo simulations need to be performed to determine how deep
light has penetrated into materials at increasing source-fiber separations. The light source must be able to penetrate to
the predicted basement membrane depth of the oral mucosa so that the entire epithelium is imaged. The basement
membrane of epithelial tissues lies between 100 and 400 micron from the apical surface, so photons from the
illumination fiber of the DRME must be able to penetrate to at least this depth within the tissue and our PDMS optical
phantoms (17, 18). Therefore, simulations need to be performed to determine the depth of light penetration into our
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optical phantoms. In conclusion, several parameters are needed to determine the optimal source-detector separation.
First, the separation must be thin enough to comfortably fit down a person’s esophagus since this is a translatable
endoscopy technique. Second, the separation must be close enough, yet far enough to distinguish between the optical
properties of different points in the oral mucosa. For example, if oral cancer is present, the diffuse reflectance channel
of the DRME must be able to differentiate between the surrounding healthy tissue and the oral cancer of interest.
Finally, the separation must be far enough so that the diffusely reflected light captured by the CCD has penetrated to
at least 400 microns into a PDMS optical phantom that accurately models the oral mucosa (18). This balancing act
will need to be further explored before a final fiber optic bundle is created that houses both the illumination fiber and
image guide. Determining this separation is perhaps the most important parameter of the DRME, and further
experimentation and research will be undertaken.
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